Abstract. Carbon nanotubes (CNTs), owing to their inherently unique properties in the domain of biomedical sciences including drug delivery, offer an exciting platform to the researchers. Of late, their applications have also been successfully established. Recently, single-walled CNTs (SWCNTs) have been explored for antibacterial efficacy, but naïve multi-walled CNTs (MWCNTs) still remained unearthed. The present studies endeavor the investigation of the potential of various non-ionic surfactants in solubility enhancement of MWCNTs and their subsequent antibacterial efficacy against Escherichia coli and Staphylococcus aureus. Polysorbates offer more solubility to MWCNTs vis-à-vis the phospholipids. However, the antibacterial effect was found to be less influenced by solubility but significantly determined by the type of surfactant. Transmission electron photomicrographs confirmed significant adhesion of MWCNTs to the bacterial walls only in the presence of unsaturated phospholipids and this was expressed in the form of lowest minimum inhibitory concentration (MIC) values of MWCNTs dispersed with the same. The findings are unique as MWCNTs were found to be active against both Gram-negative and Gram-positive bacteria to a similar extent, though somewhat milder than SWCNTs. However, when dispersed with unsaturated phospholipids, the former offer almost comparable antibacterial effects to that of the latter. The study opens a new research domain to further explore the antibacterial effects of non-functionalized and relatively safer MWCNTs, accentuating the importance of biocomponents like unsaturated phospholipids in this purview.
INTRODUCTION
Carbon nanotubes (CNTs) have been an exciting research domain since their discovery in 1991 in the form of small by-product of fullerene synthesis (1) . Owing to their unique mechanical, physical, thermal, and chemical properties, CNTs are being widely explored for their applications in diverse domains including drug delivery (2, 3) . Lately, a divergence towards CNTs has been utilized in scientific circles, as drug delivery carriers, as a few recent research reports indicate their superiority over the routinely employed colloidal drug delivery carriers, viz. liposomes, nanoparticles, and dendrimers (4) . In most of the studies, conducted so far, CNTs have been employed as Bcargo vehicles^to deliver the drug to the desired sites (3, 4) . The naïve CNTs also possess noticeable antimicrobial action, though the reports are sparse (5) . The recent findings on CNTs are encouraging and are acting as a driving force for further research on these so-called Binorganic cargo vehicles^ (4) .
The present era of nanotechnology marks increased attention towards the biocompatibility and toxicity issues of the nanoscale drug delivery carriers. CNTs, in this context, offer substantial biocompatibility, esp. MWCNTs in comparison to single-walled CNTs (SWCNTs), which get f u r t h e r i n c r e a s e s w i t h e n h a n c e m e n t i n a q u e o u s dispersability (3, 6, 7) . Several approaches, including physical and chemical methods, are being employed to enhance the aqueous dispersability of CNTs to increase the biological acceptance of these carriers (3) . One such approach is to coat the CNTs with hydrophilic surfactants. A lot many studies, in this regard, have been reported in literature employing surfactants like sodium dodecylbenzenesulfonate ( 8 ) , d o d e c y l t r i m e t h y l a m m o n i u m b r o m i d e ( 9 ) , hexadecyltrimethylammonium bromide (10), octylphenol ethoxylate (Triton X-100) (11), sodium dodecyl sulfate (SDS) (12, 13) , and polysorbates (13) .
Triton X-100 has been reported to offer maximum dispersability vis-à-vis Tween 20, Tween 80, and SDS (13), though Triton X-100 is reported to be relatively more toxic than polysorbates (14) . A few scattered reports are also focused on the use of phospholipids as CNT-dispersing agents (15) (16) (17) .
Antimicrobial activity of CNTs was first reported in 2007 (18) . Since then, numerous studies have been published concentrating on antimicrobial effects of CNTs and correlating it with CNT dimensions (19) , functionalization (20) , aggregation, concentration, contact time, and intensity (21) (22) (23) (20, 25, 26) . Hardly any publication deals with the concentration-dependent antimicrobial activity of non-functionalized MWCNTs employing biocompatible surfactants viz. variety of phospholipids and polysorbates.
The present study explores the effect of various phospholipids (Phospholipon S 100, Phospholipon 85 G, Phospholipon 90 G, and Phospholipon 90 NG) and polysorbates (Tween 20, Tween 40, and Tween 80) on the solubility of naïve MWCNTs and subsequent antimicrobial activity against Escherichia coli and Staphylococcus aureus. The current work not only attempts to determine the solubilization capacity of biocompatible surfactants but also establishes a relationship between the extent of solubilization and antibacterial activity. 
MATERIALS

METHODS
Solubility Studies
To each eppendorf tube of 2 mL capacity, amounts of 4, 10, and 40 mg of various phospholipids and polysorbates were added individually. After adding 1 mL of phosphate-buffered saline, pH 7.4 (PBS), MWCNTs (1 mg) were added to each eppendorf tube. To facilitate dispersion of the surfactants in PBS, the eppendorf tubes were vortexed and subsequently sonicated in a water bath for 1 h. The mixtures were centrifuged for 3 min. at 12,320 g relative centrifugal force. The clear supernatant was transferred to a cuvette and read for absorbance at 360 nm against the corresponding blank using a UVvisible spectrophotometer. The results were reported in terms of solubility enhancement, which was further determined as the ratio of optical density (OD) of the test to the OD of MWCNTs without phospholipid/polysorbate in PBS (16) .
Antibacterial Studies
The minimum inhibitory concentration (MIC) of each MWCNT set was determined as per the Clinical and Laboratory Standards Institute (CLSI) guidelines (27) . A single colony of E. coli and S. aureus was inoculated in 10 mL of Tryptone Soya Broth (TSB) and incubated overnight at 37°C. Next day, an aliquot of 10 μL of the overnight culture was inoculated in 10 mL of TSB and incubated till OD 600 of bacterial culture reached 0.1 corresponding to a cell density of 10 7 CFU/mL. To ten different glass tubes in three sets, 1.0 mL of TSB was added.
To the first tube of each set containing 1.0 mL of TSB, 1.0 mL of the MWCNTs stock solution was added. Serial dilutions were made by transferring 1.0 mL from the first tube to the last tube serially in all the three sets. Then, 100 μL of bacterial culture (10 7 CFU/mL) was added to the tubes containing different concentrations of MWCNTs. MWCNT sterility control check was done for all the samples in which only MWCNTs were added to the growth medium. Another set of tubes containing TSB and bacterial culture was employed to test the growth supporting property of the medium and served as another control. Thereafter, all test and control tubes were incubated overnight at 37°C. The lowest concentration of MWCNTs that prevented the appearance of visible turbidity after overnight incubation was taken as the MIC. The particle size and zeta potential values of various dispersions were also studied using a Zeta Sizer (Malvern Zetasizer Nano ZS 90, UK).
MTT Assay
In order to determine unwanted cytotoxicity on mammalian cells, MTT assay (3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a tetrazole) was carried out as per already established protocol on non-invasive MCF-7 cells and invasive MDB-MA-231 cells. The cells were seeded in a 96-well plate in RPMI-1640 culture medium containing 10% FBS and incubated for 24 h at 37 ○ C and 5% CO 2 humidified incubator. After 24 h, cells were attached to the well plate and exposed to MWNTs at different concentrations and incubated for another 24 h. After 24 h, 10 mL of MTT (5 mg mL −1 ) prepared in RPMI-1640 was added to each well and incubated for 4 h (28). After incubation, 100 mL of media was discarded from each well and 100 mL of DMSO, a solubilizing agent, was added to each well to dissolve the formazan crystal inside the cells which was then shaken at ELISA shaker for 30 s and absorbance was measured at 570 nm.
Morphology of the Dispersed MWCNTs
Morphology of the MWCNTs showing antibacterial activity was determined with the aid of transmission electron microscope (TEM) installed at Central Instrumentation Laboratory, Panjab University, Chandigarh, India. A 10-μL drop of the samples, viz. MWCNT suspension and MWCNT along with E. coli suspension, was placed on to carbon-coated grid, viewed and photographed under the electron microscope at suitable magnification. The TEM microphotographic images of MWCNTs, before and after incubation in phospholipids, were also obtained. Figure 1 shows the enhancement in the solubility of MWCNTs by virtue of various phospholipids and polysorbates. In general, the effect of polysorbates was found to be more pronounced than that of phospholipids. It might be plausibly due to the relatively higher lipophilicity and less water dispersability of the phospholipids in water. Phospholipids have very little aqueous solubility of the order of ≤10 −8 M, while other detergents like polysorbates have the aqueous solubility in the range from 10 −4 to 10 −2 M (29). However, the trends obtained in the solubility enhancement were different at various concentrations explored. This difference in the trend cannot be ascribed to the variation in the critical micelle concentrations (CMCs), as all the concentrations selected were above the CMC values of phospholipids (∼0.1 mM) and polysorbates (∼0.01-0.06 mM) (30) (31) (32) . The conceivable reason for such results can be the difference of the non-polar chain of the various surfactants, resulting in a specific concentrationdependent steric orientation (13) . At moderate and higher concentrations, the dispersing and solubilization capabilities of Tween 20 were observed to be much more prominent vis-à-vis Tween 80, contrary to the observations reported in the literature (13) . This experimentally observed trend can be attributed to the chemical nature of the polysorbates, as the hydrocarbon chain length and the adsorption of a surfactant on the CNTs invariably show an inverse relationship. Tween 80 has relatively longer hydrocarbon chain vis-à-vis Tween 20 and hence is expected to show less adsorption and subsequently inferior dispersion capabilities (33) .
RESULTS AND DISCUSSION
Solubility Studies
Antibacterial Studies
Despite marked solubility enhancement, the CNTs dispersed in polysorbates offered milder antibacterial efficacy than that of those dispersed with the unsaturated phospholipid (Phospholipon 90 G). MWCNTs dispersed in other phospholipids and polysorbates offered higher values of MIC than the MWCNTs dispersed by virtue of unsaturated phospholipid. The MIC offered by the Fig. 1 . Solubility enhancement of MWCNTs in PBS at various concentrations of phospholipids and polysorbates (n=3). Each crossbar indicated ±1 SD MWCNTs dispersed by virtue of the unsaturated phospholipid was found to be 0.5 mg/mL, while other dispersed MWCNTs expressed MIC value of 2 mg/mL. However, the blank surfactants and phospholipids did not induce any noticeable antimicrobial activity in the studied concentrations. The findings are in consonance with the earlier reports of enhancement of antimicrobial efficacy with the systems employing unsaturated phospholipids but for other colloidal carriers (34, 35) . These biomembrane components, i.e., unsaturated phospholipids, facilitate the adherence of the nanosystems with the bacterial cell walls, resulting in the enhancement of the contact time and ultimately the bactericidal action (23) .
The obtained values of MIC are a bit higher than that observed with SMWCNTs and C 60 fullerenes, thus indicating relatively less antimicrobial potential of MWCNTs than these carbon-based nanostructures (19, 36) . However, the present studies unequivocally construed that when dispersed in unsaturated phospholipids, MWCNTs can offer equivalent antibacterial effect to SWCNTs and fullerenes.
Particle size of various MWCNT dispersions showed a homogenous trend with size ranging between 870 and 1300 nm, in consonance with already published results ( 3 7 ) . I n a d d i t i o n, t h e z e t a p ot e n t i a l v a l u e s of Phospholipid 90 G (i.e., an unsaturated phospholipid) ranged between −4.17 and −11.3 mV, augmenting significantly with increasing concentration of the phospholipid. Interestingly, on the other hand, the magnitudes of zeta potential for saturated phospholipids (ranging between −10.99 and −17.11 mV) and other studied surfactants (ranging between −10.94 to −20.90 Mv) were relatively higher, also exhibiting an increasing trend with increasing concentrations. The zeta potential of blank CNT dispersion was observed to be −10.80 mV (Fig. 2) . These negative values of zeta potential of MWCNT dispersions are in consonance with the previous published reports (38, 39) . Besides the cell-puncturing potential of MWCNTs, increased adhesion of these carbon-based nanoconstructs can be ascribed to the involvement of electrostatic factors too (40) . The lower negative charge intensity on MWCNTs might have accounted for reduced repulsion by the negatively surfaced bacterial walls, resulting in relatively better adhesion of the MWCNTs and, thus, improved antibacterial efficacy.
MTT ASSAY
Cells were exposed to MWNTs at two different concentrations, i.e., 1 and 10 μg/mL, and absorbance was calculated at 570 nm on ELISA reader when exposed to noninvasive MCF-7 cells and invasive MDB-MA-231 cells. The graph represented in Fig. 3 is plotted between cytotoxicity percentage and concentration of two different treated cell lines with MWNTs (41) . It clearly vouches the non-toxic nature of the studied carbon-based nanoconstructs on human cells.
Morphology of the Dispersed MWCNTs
As is vivid from Fig. 4 , the CNTs dispersed in polysorbate 80 show relatively less adsorption on to the surface of E. coli vis-à-vis the CNTs dispersed in unsaturated phospholipid. These findings support the results obtained in the antibacterial studies indicating the enhanced bacterial adsorption by virtue of unsaturated phospholipids (35) . The results are unique in nature and provide the first instance of the bacterium cell completely surrounded by MWCNTs when dispersed with the aid of biocomponents like unsaturated phospholipids. However, polysorbates (detergents) also aid in a bit of adsorption but not as strong as offered by Phospholipon 90 G.
TEM images in Fig. 5 clearly depict the role of polysorbate 80 in dispersing the bundles of MWCNTs as compared to these before dispersing them in surfactants. 
